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Abstract

In the nematode C. elegans, both males and self-fertile hermaphrodites produce sperm. As a result,
researchers have been able to use a broad range of genetic and genomic techniques to dissect all
aspects of sperm development and function. Their results show that the early stages of
spermatogenesis are controlled by transcriptional and translational processes, but later stages are
dominated by protein kinases and phosphatases. Once spermatids are produced, they participate in
many interactions with other cells — signals from the somatic gonad determine when sperm
activate and begin to crawl, signals from the female reproductive tissues guide the sperm, and
signals from sperm stimulate oocytes to mature and be ovulated. The sperm also show strong
competitive interactions with other sperm and oocytes. Some of the molecules that mediate these
processes have conserved functions in animal sperm, others are conserved proteins that have been
adapted for new roles in nematode sperm, and some are novel proteins that provide insights into
evolutionary change. The advent of new techniques should keep this system on the cutting edge of
research in cellular and reproductive biology.

1. Introduction to nematode sperm biology

For most eukaryotes, sexual reproduction is a central part of life. Early in the evolution of
animals, this arrangement led to a specialization in gametes — females began producing low
numbers of eggs, which are large and require extensive resources, whereas males began
producing enormous numbers of sperm [reviewed by 1]. As a consequence, sperm are
usually small (so their production requires few resources), motile (so they can find eggs),
and prepared for fusion to produce a fertilized embryo [reviewed by 2]. These requirements
have shaped two processes — spermatogenesis, which generates spermatids, and
spermiogenesis, which activates them to become motile sperm.
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In most species, using genetics to dissect these processes is difficult, because mutations that
disrupt either one produce sterile males. Fortunately, one of the two sexes in the nematode
C. elegansis hermaphroditic [3]. In this species, XX animals make sperm as well as oocytes,
and usually reproduce by self-fertilization (Fig. 1A,B). Ward and Miwa showed that this
trait simplified the genetic analysis of sperm, since hermaphrodites with defective sperm are
self-sterile, but can reproduce when crossed with normal males [Fig. 1A, ref. 4]. This insight
has blossomed into an international effort to use nematodes to study all aspects of sperm
development and function [reviewed by 5, 6, 7]. Since many features of regulation in the
germ line are conserved throughout the animal kingdom [8], these studies illuminate general
mechanisms, as well as the evolutionary dynamics of sperm development and function.

1.1. Studying spermatogenesis in nematodes

In C. elegans males, all germ cells differentiate as sperm. However, in hermaphrodites, the
first germ cells to enter meiosis produce sperm, but later ones become oocytes. This
transition occurs near the beginning of adulthood. In both sexes, all germ cells in mitosis or
the early stages of meiosis are part of a large syncytium (Fig. 1B,C). These immature germ
cells look similar in both sexes, and there are no visible dimorphisms at the end of the
pachytene stage of meiosis I. However, analyses of gene expression show that the sexual
fates of these germ cells were decided earlier, around the time that they entered meiosis [9,
10].

Male germ cells will remain part of the syncytium until shortly before the first meiotic
division, when they bud off the central ‘rachis’. Thus, the early stages of spermatogenesis
might be coordinately regulated by factors shared in the cytoplasm. Once begun, the meiotic
divisions are rapid, and the second one produces a residual body and four round spermatids
(Fig 2A). In males, these spermatids remain inactive until ejaculation, whereas in
hermaphrodites they remain inactive until they are pushed into the spermatheca during
ovulation (Fig. 1D).

Besides the advantage of hermaphrodite genetics, several other aspects of nematode biology
affect the study of sperm. First, C. elegans males have a single X chromosome but no Y. This
arrangement makes males easy to produce and maintain. Furthermore, it avoids the
challenge of Y-chromosome genetics, which is needed for some genes required for
spermatogenesis in fruit flies [11] and humans [12]. Second, nematode sperm migrate
towards and maintain their positions within the spermatheca, a part of the female gonad with
numerous folds (Fig. 1B, D). In this process, nematode sperm crawl rather than swim, and
several methods can induce spermiogenesis and make crawling sperm for in vitro analyses
[13]. Third, some biochemical studies are simplified by the fact that the predominant
component of nematode sperm is Major Sperm Protein [14], which functions in the
cytoskeleton, movement and signaling.

1.2. The sperm/oocyte decision

In Caenorhabditis, germ cells of either sex are capable of undergoing spermatogenesis or
oogenesis, and hermaphrodites make both types of gametes. This cell fate decision is under
the ultimate control of the sex-determination pathway [reviewed by 9]. This signal
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transduction pathway controls the activity of tra-1, which encodes a transcription factor of
the Gli family of proteins [15]. In germ cells, tra-1 regulates two genes that favor
spermatogenesis over oogenesis, fog-1 [16] and fog-3 [17], by directly binding conserved
elements in their promoters [18-20]. Normally, a cleaved form of TRA-1 represses these
target genes, favoring oogenesis [21], and an uncleaved form works with the Tip60 HAT
complex to activate the targets [22].

FOG-1 is a Cytoplasmic Polyadenylation Binding Protein, and probably works by regulating
the translation of target mMRNAS [19, 23, 24]. FOG-3 is a Tob protein [25], whose activity is
partially controlled through phosphorylation [26]. Since both proteins are required to initiate
spermatogenesis, they might act together to control key mRNAs, whose identities are
unknown.

2. Regulation of spermatogenesis

In most animals, spermatogenesis operates under a major constraint — the chromatin must
be reorganized into a compact form for protection. This unique chromatin structure uses
special Sperm Nuclear Basic Proteins. For example, DNA in Drosophila sperm is
repackaged using protamines and transition proteins [27]. In C. elegans, sperm use SPCH
proteins, which resemble some invertebrate protamines, and a histone 2A variant like that
found in mammals [28]. These begin to restructure the chromatin during the karyosome
stage of meiosis I, just after diplotene [29]. Because this process makes DNA inaccessible,
transcriptional regulation is only possible early in spermatogenesis.

2.1. Nematodes use a dedicated ‘sperm program’ to control spermatogenesis

When genes active in spermatogenesis were first cloned, Northern analyses showed that
most of them are highly expressed in animals making sperm, but found at undetectable
levels in animals making oocytes. Examples include the Major Sperm Protein genes [30,
30], fer-1[31], spe-4 [32], spe-10 [33], spe-12 [34], and spe-29 [35]. There are a few
exceptions to this pattern, like spe-5, which is upregulated during spermatogenesis, but also
expressed during oogenesis [36] and in the soma [37].

Identifying global differences in expression was facilitated by mutants that cause XX
animals to make only sperm [fem-3(gf), 38] or only oocytes [fem-1(hcl17), 39]. By using
microarrays to analyze gene expression in these mutants, Reinke et al. showed that
transcripts from at least 1343 genes are enriched in animals that are producing sperm [40].
Furthermore, at least 468 of these genes are expressed specifically in sperm [41]. Since
almost no genes are expressed during male but not hermaphrodite spermatogenesis [40],
both sexes appear to share a conserved ‘sperm program’. However, only a fraction of these
genes have associated mutations that disrupt spermatogenesis or sperm function [see below,
reviewed by 5].

2.2. The expression of many sperm genes is controlled by transcription factors

How is this “sperm program’ controlled? Only 11 transcription factors are expressed
specifically in sperm [40], and of these, only spe-44 has been analyzed in detail [42]. It is
responsible for the expression of hundreds of other spermatogenesis genes, since mutations
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in spe-44 prevent the expression of these targets, resulting in defects in many aspects of
spermatogenesis. Because spe-44 does not control all sperm-specific transcripts, other
transcriptional regulators probably help regulate the spermatogenesis program, but have not
yet been identified.

One study suggests that some of these other transcriptional regulators might be hard to find
because they have pleiotropic functions. ELT-1 is required for epidermal cell fates [43], but
also controls many sperm-specific genes [44]. The expression of elt-1 in the germ line is
associated with spermatogenesis, ELT-1 binds a promoter sequence found in many sperm
genes, and knocking down €lt-1 activity affects sperm function. Thus, ELT-1 helps regulate
spermatogenesis, but also has other functions that originally obscured this activity.

Gene expression might also be influenced by genomic organization. As predicted, sperm-
specific genes are almost completely absent from the X chromosome, which is only present
in a single copy in males [41]. More surprisingly, many sperm genes are found in three large
clusters on the autosomes, whereas oocyte genes are not clustered [45]. One possible
explanation for this clustering is that it allows these genes to be co-regulated across a large
scale. Since some of these clusters do not exist in the related nematode C. briggsae, they
must have arisen recently. During evolution, the transition to hermaphroditism favored many
large-scale changes in genomic makeup and organization [46].

Although spermatogenesis in fruit flies is also under transcriptional regulation, the factors
involved differ from those known to act in worms [27]. The aly class include several
components of a testis-specific DREAM complex (whose orthologs regulate vulval
development in nematodes), and the can class includes testis-specific paralogs of
Transcription Factor 11D subunits. Thus, the central role of transcriptional regulation in
spermatogenesis has been conserved, but the precise factors vary.

2.3. Translational regulation also plays an important role in spermatogenesis

A large fraction of the genes that regulate germline development control the translation of
messenger RNAS, rather than their transcription [reviewed by 47]. For many of these target
genes, sequences in their 3’-UTRs control expression [48]. Surprisingly, many sperm genes
are an exception to this rule; their 3’-UTRs do not specify sperm-specific expression,
whereas their promoters are sufficient for expression during spermatogenesis [48]. These
results fit nicely with the studies of spe-44 and elt-1 described above.

However, translational regulation does play a role in spermatogenesis. For example, the
Cytoplasmic Polyadenylation Element Binding proteins CPB-1 and CBP-2 are translational
regulators that are expressed during spermatogenesis [23]. Furthermore, RNA interference
shows that CPB-1 is required for spermatocytes to progress through meiosis, although the
function of CPB-2 remains unknown. Similarly, IFE-1 is an isoform of the mRNA cap-
binding protein eEIFAE that is enriched in germ cells [49]. Inactivation of ife-1 blocks
cytokinesis during spermatogenesis, but has only mild effects on developing oocytes [49,
50]. These effects appear to be mediated through the regulation of gsp-3 transcripts [51].
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IFE-1 localizes to complex RNA/protein structures known as P granules, which are
analogous to the polar granules or nuage present in the germ line of other animals. In the
adult, P granules play a major role in the control of germline mRNAs. The Argonaute
proteins ARG-3 and ARG-4 also localize to these P-granules, and regulate the production of
26G-RNAs, which down-regulate many mRNAs during late spermatogenesis [52, 53]. As a
result, mutations in arg-3 and arg-4 cause a temperature-sensitive defect in spermatogenesis,
which appears to be due to the inability to turn off some messages during differentiation.

2.4. Protein kinases and phosphatases

Many developmental decisions in spermatogenesis occur after the end of transcription, and
are not under translational regulation. In fact, mature spermatids lack ribosomes, which
segregate to the residual body [54, 55]. Hence, one would expect protein-protein interactions
to play a major role in spermatogenesis, and an even larger role in the subsequent process of
sperm activation. Indeed, microarray analyses indicate that protein kinases and phosphatases
are dramatically over-represented in sperm as opposed to oocytes, whereas transcripts for
proteins that control chromatin structure or RNA translation are under-represented [40, 41].
Furthermore, similar patterns are seen in transcripts from the parasitic nematode Ascaris
suum [56]. Thus, many aspects of the spermatogenesis and spermiogenesis programs are
probably controlled by the phosphorylation state of proteins.

Molecular genetics provides concrete examples of this phenomenon. SPE-6 is a casein
kinase that is essential for the segregation of cellular components early in spermatogenesis,
for meiotic division, and for the control of sperm activation [57, 58]. SPE-8 is a protein
tyrosine kinase that is required for sperm activation in hermaphrodites [59, 60]. The serine/
threonine kinase GCK-3 is expressed ubiquitously, but plays a particularly important role in
the control of meiotic divisions during spermatogenesis [61]. And the PP1 phosphatases
GSP-3 and GSP-4 are required for chromosomal segregation during spermatogenesis and for
Major Sperm Protein disassembly during movement [62].

3. Organizing the Sperm Cell

Mature C. elegans sperm are stable, polarized cells. Their pseudopods contain fibers of
Major Sperm Protein (MSP), and their cell bodies contain a stereotypical arrangement of
organelles and chromatin (Fig. 2). The chromatin and an associated pair of centrioles are
located centrally, the mitochondria occupy an intermediate position, and invaginations
formed by fused Membranous Organelles (MOs) line the periphery. This arrangement
develops in a stepwise fashion during spermatogenesis and spermiogenesis [54, 55, 63], and
genetic screens have identified at least 50 genes that define a biological pathway for sperm
development [5, 59].

3.1. Meiosis and the chromosomes

A few mutants affect sperm-specific aspects of meiosis. As spermatids form, they bud off of
the spermatocyte, leaving behind a residual body containing unneeded structures, such as the
meiotic spindle, actin, and ribosomes. In mutants defective for the kelch gene spe-26, these
divisions fail, resulting in a cell with multiple chromatin masses [64]. Because sperm
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contribute centrioles to the zygote, a centriole pair normally remains associated with the
haploid chromatin mass after cell division; this process is controlled by the HORMA domain
proteins HIM-3 and HTP-1/2 [65]. Finally, specific mutations in a Weel homolog, wee-1.3,
cause primary spermatocytes to arrest at meiosis | but do not affect other types of cell
division, in spite of a general requirement for this protein [66]. As discussed above, the
sperm chromatin is eventually reorganized into a compact mass that relies on special basic
proteins to pack the DNA [28].

3.2. The membranous organelles and fibrous bodies

The membranous organelles (MOs) play a central role in spermatogenesis, ensuring that
specific structures are retained in spermatids and localized correctly within the cell [67]. The
MOs derive from the Golgi. In spermatocytes, they localize throughout the cell and are
associated with “fibrous bodies’ (FBs) composed of MSP arrays bounded by an extension of
the MO membrane (Fig. 2A). After the completion of meiosis, the fibrous bodies
disassemble, MSP disperses into the cytoplasm of the spermatid, and the MOs move to the
periphery near the cell cortex, where they are ready to fuse with the plasma membrane
during activation. Several membrane proteins important for fertilization localize to the MOs
in spermatids and are distributed to the plasma membrane during activation. Thus, many
aspects of MO fusion during activation are analogous to the acrosome reaction [67], which
remodels flagellate sperm for interaction with an oocyte.

Several genes important for MO formation have been characterized. Their loss leads to
structurally abnormal MOs associated with a variety of defects in the segregation of
components between the spermatids and residual body, and some of these mutants arrest as
terminal spermatocytes. Most genes in this class encode conserved proteins: the presenilin
SPE-4, the palmitoyltransferase SPE-10, the sperm-specific V-ATPase B subunit SPE-5, and
SPE-39, a protein that interacts with the HOPS complex in lysosomal trafficking [33, 36,
68-72]. In addition, spe-17 encodes a novel hydrophilic protein [73]. Thus, although the
MOs have an unusual structure that is specific to nematode sperm, analysis of this class of
mutants has revealed that much of their biology is actually conserved with lysosomes and
lysosome-related organelles from other cell types and species.

3.3. The residual body

In the second meiotic division, the spermatids bud off from a central residual body. During
this process, many components are sorted into the future spermatids, and others into the
residual body to be eliminated. The sorting uses more than one molecular mechanism, since
mutants in a class VI myosin fail to deliver mitochondria and fibrous body/MOs to the
spermatids, but segregate chromosomes normally [74]. These mutants also fail to remove
actin filaments and microtubules from the budding spermatids, so myosin VI controls traffic
in both directions.

Once the residual bodies are formed, they need to be phagocytosed and their materials
recycled. In the female germ line, apoptosis occurs at a high rate in developing germ cells,
and cell corpses are phagocytosed by the surrounding somatic sheath cells. However, the
male germ line lacks apoptosis [75]. Two semi-redundant pathways control the engulfment
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of somatic and germline corpses [reviewed by 76]. Both apoptotic cells and sperm residual
bodies display phosphatidylserine on their cell surface [77], which triggers an ‘eat me’
response in cells of the somatic gonad. By contrast, the spermatids lack phosphatidylserine.
Thus, the canonical engulfment pathways are used to clear residual bodies during
hermaphrodite spermatogenesis. Much of this machinery is also used in males, although the
mutations show a novel pattern of genetic interactions, which implies there are differences
in the process. Interestingly, engulfment defects lead to reduced fertility in males, possibly
by decreasing sperm transfer efficiency.

4. Spermiogenesis

Across species, the acquisition of motility during spermiogenesis and the modulation of
motility in response to the environment are key regulatory points for sperm. In nematodes,
round spermatids undergo complex morphological rearrangements that result in motile
spermatozoa capable of directed migration and fusion with an oocyte. This transformative
process is referred to as sperm activation or spermiogenesis. Changes that occur during
activation comprise three events that are at least partially separable: fusion of MOs with the
plasma membrane, formation of a pseudopod containing polymerized MSP, and sorting of
other proteins and organelles to either the cell body or pseudopod (Fig 2). The activated
sperm are stably polarized, though the pseudopod may be variably extended depending on
the substrate and surrounding pH.

4.1. Induction of spermiogenesis

Sperm activation does not occur automatically at the end of spermatogenesis, but rather is
controlled by extracellular signals (Fig. 3). Moreover, activation occurs at a specific time
and place for each sex. In hermaphrodites, spermatids activate soon after they are formed, as
they are pushed into the spermathecae by the forward movement of oocytes. In males, sperm
activation occurs coincident with mating and ejaculation. Activation appears to be a key
regulatory point in sperm development: either premature or delayed activation lowers
fertility, and separable molecular pathways for activation exist in each sex to promote proper
timing.

Activation can be elicited in vitro by incubating spermatids in any of a wide variety of
compounds, including the protease mixture Pronase, the weak base triethanolamine (TEA),
the ionophore monensin, the stilbene chloride channel inhibitor DIDS (4,4’-
diisocyanatostilbene-2,2’-disulfonic acid), calmodulin inhibitors, wortmannin, or zinc [13,
63, 78-81]. Studies using these activators have been useful for defining the structural
changes that occur and the ionic dependence of the process [63, 82, 83]. The media used for
in vitro activation contain only a simple mixture of buffered salts, of which Na* and K* are
generally required [78]. By contrast, Ca** is needed inside the cell, but is dispensable in the
extracellular medium, and calcium ionophores do not activate sperm [63]. In most cases the
mechanism of action of these compounds is unknown. However, they presumably feed into
the normal pathways for activation, and this has been confirmed for some compounds.
Finally, a rise in intracellular pH is associated with activation by either monensin or TEA,
but not Pronase, suggesting that it is not an obligatory feature of the process.
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4.2. Sexually dimorphic signals control spermiogenesis

Sexually dimorphic activation was discovered through the analysis of a set of genes referred
to as the ‘spe-8 group,’ based on the name of their founding member [13, 59]. These genes
are required for hermaphrodite self-fertility, but sperm from mutant males function
normally. Moreover, the fertility of some mutant hermaphrodites can be restored by mating
with sterile males, which ‘trans-activates’ their own spermatids. Taken together, these
results show that hermaphrodites use a spe-8-dependent pathway to activate sperm, and that
males have a spe-8-independent pathway. Furthermore, trans-activation implies that the
source of male activator is seminal fluid, and that sperm from hermaphrodites are capable of
responding to the male signal. Subsequent analyses have shown that sperm from males can
be activated via the hermaphrodite pathway as well, and that most if not all components are
present in sperm from both sexes.

The five spe-8 group genes, spe-8, spe-12, spe-19, spe-27, and spe-29, all encode proteins
expressed in sperm [34, 35, 60, 84, 85]. SPE-12, SPE-19 and SPE-29 have transmembrane
domains, and SPE-8 is a non-receptor tyrosine kinase. The working model in the field is that
these proteins form a complex at the sperm plasma membrane that receives and transduces a
sperm activation signal. Surprisingly, it was recently reported that this signal might be labile
extracellular zinc [81]. Zinc activates sperm in vitro and is concentrated within both sperm
mitochondria and MOs in a pattern that changes during activation. Furthermore, labile zinc
is present in the hermaphrodite and male gonads within secretory cells, placing it in the right
place to promote activation. Finally, zinc has no effect on sperm from spe-8 group mutants.
However, it is not clear how a zinc signal might act through the putative SPE-8 group
complex.

In males, sperm activation is controlled by a protease and its inhibitor, which allows precise
regulation of timing. In the gonad, spermatids are prevented from activating by SWM-1, a
secreted protein with dual trypsin inhibitor-like (TIL) domains [86]. SWM-1 appears to
function within the male gonad to block the activity of TRY-5, a serine protease that is
transferred in seminal fluid during mating [87]. Since TRY-5 is a protease, and proteases
can activate sperm in vitro, it might work by cleaving proteins on the surface of spermatids,
though definitive targets have not yet been identified. One candidate is SNF-10, an SLC6-
family transporter protein that is required for spermatids to respond to male activator
(Fenker et al., submitted). Additional genes in the male pathway have been identified in
genetic screens but remain to be analyzed (G.M.S., unpublished). The activation of
nematode spermatids by proteases is conserved, since it has also been observed in the distant
relative Ascaris suum [88, 89]

4.3. Downstream components of the sperm activation pathway

Some defects in spermatogenesis lead to the premature activation of sperm. This was first
revealed by the analysis of suppressors that restored fertility to the spe-8 group mutant
spe-27, while also causing premature sperm activation in males. These mutations turned out
to be partial loss-of-function alleles of spe-6, a casein kinase 1 gene required for
spermatogenesis and the localization of MSP to the Fibrous Body-MOs [57, 58, 70]. Thus,
SPE-6 was suspected to have a secondary function as a ‘brake’ that prevented sperm
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activation. However, two additional genes, spe-4 and spe-46, were found to have dual
spermatogenesis and activation phenotypes [32, 90, 91], suggesting an alternate model
whereby defects in MO formation uncouple activation from signaling. MO morphogenesis
defects might be associated with the mislocalization of proteins or ions (like zinc), leading to
an inability to delay activation. In other words, the ‘brake’ might be a properly organized
spermatid rather than a specific protein.

In C. elegans, FER-1 is associated with the MOs and is required for them to fuse with the
plasma membrane [31, 55, 83]; although fer-1 mutant spermatids activate, they have short
pseudopods. FER-1 is related to dysferlin, which mediates membrane fusion events in
muscle development, muscle repair, and synaptic transmission in the mammalian auditory
system [92].

Finally, several other proteins and pathways have been implicated in the activation process.
Two groups reported that the spermatid membrane harbors cholesterol microdomains that
relocalize during activation; however, cholesterol depletion experiments had conflicting
results, in one case enhancing and in the other case reducing activation in vitro [93, 94].
Loss of cil-1, a phosphoinositide 5-phosphatase, leads to reduced sperm activation, as well
as a reduction in pseudopod length [80]. Finally, experiments with chemical inhibitors and
activators of the MAPK pathway and calcium signaling implicate both processes in sperm
activation [95].

4.4. Seminal fluid

In most species, male ejaculate not only contains sperm, but also seminal fluid, which
promotes reproductive success through its effects on sperm and on the female reproductive
system [reviewed by 96]. Although C. elegans males produce seminal fluid, it is dispensable
for basal fertility, since sperm transferred by artificial insemination are able to fertilize eggs
and outcompete sperm from hermaphrodites [97]. To date, two protein components of
seminal fluid have been identified: TRY-5, the putative male activator [87], and PLG-1, a
mucin required for the deposition of a mating plug over the hermaphrodite vulva [98, 99].

Although plugging is a widespread phenotype among wild isolates of C. elegans, the
standard laboratory strain, N2 Bristol, lacks plg-1 activity. The purpose of the plug remains
controversial, since a plug only slightly deters subsequent mating in lab assays [100].
Crosses between different C. elegans strains revealed that lines containing mostly Bristol
DNA, with the exception of the plg-1 region, have a weaker plugging phenotype than other
wild strains, providing direct evidence that additional seminal fluid components affect this
trait. Genomic data indicate that 20% of putative secreted proteins are upregulated in males
relative to hermaphrodites [101], and many of these could be seminal fluid factors. Finally,
the release of seminal fluid by the male gonad is surprisingly complex. TRY-5 and PLG-1
are expressed in overlapping sets of secretory cells, which release their contents during
discrete steps of the copulation program, suggesting a specialization of functions within the
male gonad. However, much remains to be discovered about the role of seminal fluid in C.
elegans sperm biology. Furthermore, hermaphrodites might have evolved to provide some of
these functions within their own gonads, as they appear to have done with the sperm
activation pathways.
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5. Regulation of Motility

Nematode sperm differ in their motility from the sperm of many other animals. The mature
sperm lack flagella and do not swim; rather, they have a pseudopod and move by crawling.
Furthermore, they have almost no actin or myosin [102]. Instead, their cytoskeleton is
composed of major sperm protein (MSP), a 14 kDa molecule completely unrelated to actin
[103, 104] but capable of forming nonpolar fibers and higher-order structures that can drive
lamellopodium-like protrusion and cell locomotion through their assembly and disassembly
[105].

Most of our information about MSP-based motility comes from studies of the parasitic
nematode Ascaris suum. Ascaris is much larger than C. elegans, providing a more-tractable
source of material for in vitro studies of MSP assembly, and larger sperm cells that simplify
analyzing locomotion. Like actin, MSP is dynamically regulated to achieve cell movement.
The polymerization of MSP at the leading edge of the cell drives protrusion, and fiber
disassembly and recycling of subunits at the cell body-pseudopod junction drives retraction.
Polymerization is regulated by MPOP, a protein localized to the leading edge [106]. The
MSP-nucleating activity of MPOP depends on a pH-sensitive tyrosine phosphorylation,
mediated by an unknown soluble protein. In addition, membrane tension also influences
polymerization rates [107]. Finally, two proteins, MFP1 and MFP2, can associate directly
with the MSP cytoskeleton but have opposing effects on assembly [108].

Retraction is driven by fiber rearrangements and disassembly at the rear of the pseudopod
[109, 110]. In C. elegans, a PP1 phosphatase, GSP-3/4, localizes to this region and is
required for MSP dynamics [62]. Taken together, the number of accessory proteins involved
in MSP-based cell matility is small compared to actin, and this simplification may be an
advantage for this mode of motility. MSP is intriguing from both a cell biological and an
evolutionary standpoint, since MSP and actin represent convergent solutions for powering
cell motility.

6. Communication with female cells

Much of the C. elegans lifestyle is geared toward reproduction. Thus, it makes sense that a
robust communication network exists between sperm and the female to ensure that resources
are only invested in gamete production when offspring can result (Fig. 4). In one direction,
signals from the female gonad and germ line attract sperm toward mature oocytes [111]. In
the other direction, signals from sperm increase the rate of oocyte maturation, ovulation, and
egg laying [111, 112]. This bidirectional communication links oocyte production to the
availability of sperm. Communication between oocytes and the somatic gonad further
ensures that the different female processes are coupled to one another [112]. For excellent
in-depth reviews of these processes, see [113, 114].

6.1. Signaling from the hermaphrodite to sperm: guidance cues

How do C. elegans sperm know which way to go? As in a number of other systems, they
appear to be guided by chemoattractive molecules. In wild-type worms, sperm migrate
rapidly and directionally toward the two spermathecae. However, in hermaphrodites that
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lack oocytes, sperm movements are slow and adirectional, which is consistent with the
absence of signals that depend on the female germ line [115]. Furthermore, the production
of guidance signals is dependent on the nutritional status of the worm, as determined by
state of the insulin signaling pathway in intestinal cells. Mutants have been used to define
the cellular source of this signal and to identify pathways required for its production, and
biochemical approaches have been used to define precise components [115-117]. When
food is abundant, intestinal cells produce and secrete yolk, a mixture of vitellogenins and
lipids [118, 119]. Oocytes take up yolk and utilize its polyunsaturated fatty acid (PUFA)
components to generate F-series prostaglandins (PGs), which serve as a guidance signal.
Mutations that block PUFA synthesis or transport to the oocytes eliminate this signal,
affecting sperm guidance. This phenotype can be rescued by dietary PUFA supplementation
or by direct injection of the relevant PG species into the gonad.

Although this pathway provides a satisfying model for sperm guidance, some complexities
exist. Gap junction-mediated interactions between oocytes and the somatic gonad also
promote sperm guidance through a step downstream of PG synthesis; this process could
involve transport or activity [120]. It depends on the gap-junction proteins INX-14, INX-8,
and INX-9, which function in transcriptionally active, immature oocytes that are coupled to
gonad sheath cells. Thus, oocytes may become competent to activate or release sperm
guidance cues during their development. Similar gap junctions formed in the proximal
gonad function in the sperm-sensing pathway described below.

Little is known about the machinery that responds to the prostaglandin signal in sperm. A
Srb class G protein-coupled chemoreceptor, srb-13, is a candidate to act as a receptor in
sperm [116]. Other sperm genes involved in guidance have not been identified, and it is not
known how G protein-coupled receptors (or any other receptor types) modulate the MSP
cytoskeleton to effect directional motility.

6.2. Signaling from sperm to the oocyte

During oogenesis, C. elegans oocytes arrest at prophase of meiosis I. Upon release from this
arrest, they mature by activating MAPK pathways and undergoing cortical rearrangements,
nuclear envelope breakdown, and other processes that prepare them for fertilization
[reviewed by 114]. These oocytes are surrounded by somatic gonadal sheath cells, which
signal to promote maturation and contract to move oocytes through the gonad. When no
sperm are present, producing and laying unfertilized oocytes would be wasteful. Thus,
hermaphrodites actively suppress ovulation and associated processes in the absence of
sperm. Sperm signal their presence directly to oocytes and indirectly via the sheath cells to
promote oocyte maturation and sheath cell contractions. This process does not require sperm
to be active or capable of fertilization, since many spe mutants lay unfertilized oocytes [59].
The proteins involved in each of these effects overlap, leading to a complex signaling
network that is outlined below [reviewed by 113].

Sperm communicate their presence by releasing a soluble, hormonal signal. Using
biochemical purification coupled with an injection-based bioassay, the active molecule was
shown to be MSP, the same protein that composes the sperm cytoskeleton [121].
Extracellular MSP directly interacts with both oocytes and the somatic gonad, and distinct

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ellis and Stanfield

Page 12

regions of MSP are sufficient for mediating its effects on these two tissues. Interestingly,
MSP lacks a secretion signal and is released by sperm in novel double-membrane vesicles;
so far, the mechanism of secretion is not understood, but might involve the protrusive
activity of MSP itself [122].

MSP transduces signals via an incompletely understood mechanism involving multiple cell
surface receptors and intracellular pathways. In oocytes, MSP directly binds to VAB-1, an
ephrin receptor [123, 124]. In the absence of sperm, VAB-1 inhibits oocyte maturation
through a process involving the ephrin EFN-2 and DAF-18/PTEN [123, 125]. During this
process, DAB-1/disabled and RAN-1 mediate the localization of VAB-1 to the endocytic
recycling compartment [126]. However, if sperm are present, MSP binds VAB-1, which
alters its trafficking and augments MAPK activity [127]. VAB-1 functionally interacts with
multiple intracellular Ca** regulators [127], but how these interactions couple to the MAPK
cascade is not well understood. Components of a conventional receptor tyrosine kinase
(RTK) pathway, including the Shp protein tyrosine phosphatase PTP-2, are essential for
MAPK activation [128]. However, this unidentified RTK is not likely to be VAB-1. Genetic
screens also identified other proteins that function with VAB-1 to block oocyte maturation,
including VAV-1 (a vav-family GEF), PKC-1 (a protein kinase C), and PQN-19 (STAM)
[124].

In sheath cells, a parallel pathway also regulates oocyte maturation. Here, MSP signaling
counteracts an inhibitory signal that depends on the POU-class homeoprotein CEH-18,
which is required for sheath cell differentiation and gap junction assembly [129]. In sheath
cells, the identity of the MSP receptor is not known, but its effects are mediated through a
Gs/adenylate cyclase pathway involving GSA-1 and KIN-2 [124, 130]. Finally, the sheath
cell signals the oocyte to mature through gap junctions that comprise the oocyte innexins
INX-14 and INX-22, which inhibit MAPK signaling in the absence of sperm [131]. An early
growth response factor protein, EGRH-1, helps inhibit oocyte maturation in the absence of
sperm [132], but its relationship to the CEH-18 pathway is unknown.

6.3. Signaling from sperm to the somatic gonad

Sheath cell contractions are necessary for oocytes to move through the gonad. These
contractions are elicited by the oocyte itself, through the release of the EGF protein LIN-3
[112, 133], as well as by MSP binding to VAB-1 on sheath cells [123]. Furthermore, the
EGL-30 Gq alpha subunit, the PLC-3 phospholipase C, and ITR-1 are all required for an
increased contraction rate, but GSA-1 and ACY-4 are not [130]. In the absence of sperm,
gap junctions with the oocyte, defined by INX-14, negatively regulate sheath cell
contraction [131].

Sperm have additional effects on the hermaphrodite germline. MSP promotes oogenesis by
increasing the rate of cytoplasmic flow from the syncytial gonad into developing oocytes, a
process required for oocyte growth; this activity is mediated by the Gs/adenylate cyclase
pathway in sheath cells [130]. The rate of egg laying is also positively regulated by sperm,
but it is not clear whether this phenomenon is also dependent on MSP, or which cells in the
nervous system or musculature are responsive [134]. Thus, nothing is left to chance: nearly
every process of hermaphrodite reproduction appears to be modulated by the presence of
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sperm inside the reproductive tract. Moreover, the predominant components of the sperm
(MSP) and oocyte (yolk) were recruited for use in these signaling processes.

6.4. Broader effects of sperm signals

Hermaphrodites also interact with males in antagonistic ways that affect their physiology
outside of the gonad, and may limit rather than promote reproductive fitness of one of the
sexes. Although hermaphrodites largely play a passive role in copulation, they can influence
the probability of mating by emitting pheromones to which males respond with positive
chemotaxis and copulatory behaviors [135-137]. One component of this ‘come hither’
signal is dependent on the presence of sperm, since hermaphrodites lacking sperm are more
attractive to males [138]. This effect requires activated sperm and depends on signals
mediated by ceh-18, but not vab-1. In addition, sperm-depleted hermaphrodites are more
receptive towards males [139].

7. Formation of the embryo

Each sperm not only delivers a haploid genome to an oocyte, but also plays a critical role in
the initiation of embryonic development. These functions depend on proteins that recognize
the oocyte during fertilization, proteins that initiate appropriate changes in the sperm, and
factors that contribute directly to the new embryo, like the two centrioles.

7.1. Fertilization

During fertilization, proteins on the surface of the sperm must interact with others on the
surface of the oocyte, triggering a response in both gametes that leads to fusion and
embryogenesis. In nematodes, the sperm proteins that carry out these functions are members
of the spe-9 class, which is named after its founding member [reviewed by 140]. Mutations
in this group of spe genes share a specific set of phenotypes — the spermatids appear
normal, they signal to oocytes and activate at the appropriate time, the mature sperm move
normally and compete for positions in the spermatheca, but the sperm cannot fertilize
oocytes.

One might expect these proteins would fall into two broad groups — those that interact with
the oocyte, and those that mediate the response within sperm. Both SPE-9 and SPE-38 are
excellent candidates for the first role. Each is a transmembrane protein, and SPE-9 has
extracellular EGF repeats that are critical for fertilization [141, 142]. Furthermore, both
proteins localize to the pseudopod in activated sperm [143, 144]. Since the pseudopod is the
first part of the sperm to make contact with the oocyte, these proteins might interact with
surface proteins on the oocyte at the beginning of fertilization.

By contrast, TRP-3, also known as SPE-41, appears to mediate the response to the oocyte.
TRP-3 is a calcium-permeable cation channel that is initially found in the membranous
organelles, but which is redistributed over the entire surface of the sperm during activation
[145]. This redistribution depends on SPE-38, although SPE-38’s localization does not
require TRP-3 [146]. During fertilization, TRP-3 controls a Ca*™ influx, which is likely to
trigger major changes in the sperm. Since oocytes appear to bind trp-3 sperm without fusing,
one possibility is that TRP-3 controls fusion [145].
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Other genes of the spe-9 class are still being investigated. Although spe-42 encodes a protein
with a transmembrane domain and a C-terminal RING domain that is essential for
fertilization, its localization is not yet known [147, 148]. Three additional genes are known
by mutations but not yet characterized molecularly — spe-13, fer-14 [59, 149] and spe-36
(D. Shakes and A. Singson, pers. comm.). Finally, fer-7 might also belong to this group
[150].

Many proteins involved in sex evolve at a rapid pace, and discerning broad patterns of
conservation can be challenging. Thus, it is not surprising that SPE-9 and SPE-38 appear
unique to nematodes. By contrast, there are homologs of SPE-42 in most animals [147], and
one of these controls fertilization in Drosophila [151]. However, C. briggsae spe-42 cannot
substitute for C. elegans spe-42 in transgenic animals [148], so its functional domains might
be evolving rapidly. In addition, TRP-3 is a member of the conserved family of TRPC
channels [145], but it is not known if it plays a conserved role in fertilization.

7.2. Embryogenesis

Most aspects of early development are controlled by factors present in the oocyte, such as
the initiation of embryogenesis, which depends on EGG proteins in nematodes [reviewed by
152]. However, some sperm factors also play critical roles in early development.

The entry point of the sperm itself determines the future antero-posterior axis, since the most
posterior point is marked by the sperm pronucleus/centrosome complex [153]. This process
depends on SPD-2 [154], which plays a critical role in centrosome duplication [155] and is
required for rapid assembly of the sperm aster. Thus, the centrioles that are provided by the
sperm not only permit future cell division, but also help determine the embryo’s body plan.
The sperm also supplies CYK-4, a rho-guanosine triphosphatase activating protein that
works with ECT-2 to regulate RHO-1 and alter the actomyosin gradient in the new embryo,
helping to establish the antero-posterior axis [156]. Orthologs of CYK-4 are found in the
sperm of many other animals.

At least one other sperm factor is critical early in embryogenesis — spe-11 mutations cause
paternal effect lethality [59, 157]. These mutant embryos have problems with meiosis, which
are in part caused by a failure in cytokinesis [157, 158]. Furthermore, the spe-11 embryos
form weak eggshells [157] that fail to prevent polyspermy [159]. Although spe-11 is
normally required only in sperm, its ectopic expression in oocytes is sufficient for normal
development, which proves that it functions in the embryo [160]. Since SPE-11 is novel and
only found in Caenorhabditis nematodes, it might have evolved this function recently.

7.3. Anucleate sperm

Defects in chromatin repackaging are associated with reduced fertility in mammals and
sensitivity to DNA damage in Drosophila [reviewed by 161]. However, in C. elegans, sperm
chromatin is not required to initiate embryogenesis. Using temperature-sensitive mutations
in genes required for chromosome segregation, Sadler et al. [162] created sperm completely
lacking nuclear DNA. Not only were these anucleate sperm capable of fertilizing oocytes,
they showed normal male precedence in crosses to hermaphrodites, by blocking the
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production of self progeny (see below). Furthermore, many oocytes fertilized by anucleate
sperm were able to complete meiosis, initiate development and establish normal antero-
posterior polarity. Thus, chromatin is not needed for sperm function, once gene expression
ends in the spermatocyte.

7.4. Paternal toxins

In C. elegans, some strains carry an ancient pair of genes, zedl-1 and peel-1, whereas others
lack both genes [163]. This polymorphism is maintained by paternal effect lethality —
embryos lacking zeel-1 activity die if fertilized by sperm that contain PEEL-1 [164]. The
PEEL-1 toxin is a transmembrane protein that is initially found in the membranous
organelles, but relocalizes to the surface of the sperm opposite the pseudopod during
activation. Surprisingly, the PEEL-1 toxin acts late in embryogenesis, and its effects depend
on the dose delivered by the sperm. Thus, sperm proteins are capable of influencing late
stages of development, and are not restricted to regulating the first cell divisions.
Furthermore, even small doses of some sperm proteins can have a potent effect on the
embryo, despite the fact that the sperm only contributes about 1/200 of the surface area of
the fertilized oocyte. Perhaps other paternal effect genes that act later in embryogenesis
remain to be discovered.

8. Germline warfare

Sexual competition plays a major role in evolution [165], so gametes are selected not only
for their ability to fuse and form embryos, but also to compete with each other.

8.1. Sperm competition

The male/hermaphrodite reproductive strategy employed by C. elegans has implications for
many aspects of sperm biology. In the absence of mating, the hermaphrodite’s own sperm
are used with unusually high efficiency: essentially every self sperm produced goes on to
fertilize an oocyte. If mating occurs, sperm from males compete with these self sperm for
access to oocytes. As in other species with a high risk of sperm competition, this situation
places selective pressure on sperm [discussed by 166], especially those of males, who
produce no other types of gametes. Perhaps as a result, C. elegans exhibits a very strong
male-hermaphrodite sperm precedence order: if mating occurs and sperm are transferred,
sperm from males preferentially fertilize oocytes, to the extent that many crosses result in
the exclusive generation of male-sired offspring.

Using a variety of methods to control when and how sperm compete with one another,
several mechanisms for male precedence have been excluded [97, 167-169]. First, although
males transfer more sperm than the hermaphrodite produces, their competitive advantage is
largely independent of sperm number. Second, artificial insemination experiments
demonstrated that neither seminal fluid nor the mode of activation is important. Third, sperm
transferred from one hermaphrodite to another by artificial insemination or sperm from
sequential male matings do not show precedence, so the order of introduction into the
hermaphrodite reproductive tract does not matter. Finally, even fertilization is not required:
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motile but fertilization-incompetent sperm from males still outcompete self sperm, though
this results in sterility [149].

Instead, precedence depends on an intrinsic property of sperm from males [167] and requires
the ability of these sperm to migrate to the spermathecae [149], where they localize to the
exclusion of the hermaphrodite’s sperm [111]. It makes sense that preferential localization
within this sperm storage organ would result in preferential usage. However, how this
pattern is attained is not fully understood. Sperm from males are larger than those from
hermaphrodites, and size correlates with greater adhesion and faster crawling speeds in vitro
[168]. Furthermore, the movement of an oocyte through the spermatheca following
ovulation pushes sperm out into the uterus, and they need to migrate back to compete for
future oocytes. Thus, differences in retention in the spermatheca or the speed of reentry,
which could both depend on size, might contribute to male precedence. Fusion of sperm
with the oocyte usually occurs on the side of the oocyte that enters the spermatheca [111,
153], suggesting that the precise position within the spermatheca could be important [113],
but the existence of such a privileged “fertilization zone’ has not been tested directly.

C. elegans males normally show no precedence order with respect to each other — when
genetically similar males sequentially mate with a hermaphrodite, each one has an equal
chance of siring progeny. However, three results imply that fierce sperm competition might
exist among Caenorhabditis males. First, when males from two different wild isolates of C.
elegans (N2 and AB1) were each mated to the same hermaphrodite, the AB1 sperm took
precedence [168]. Second, long-term competition between C. elegans males in the
laboratory leads to larger sperm [170]. And third, interspecies crosses imply that sperm from
male/female species are more competitive than those from male/hermaphrodite species,
where fewer opportunities for sperm competition exist (Ting et al, submitted).

8.2. Sperm size

As discussed above, sperm size might play a role in competitiveness. In C. elegans, males
make larger sperm than hermaphrodites [168]. Furthermore, these male sperm outcompete
sperm from hermaphrodites [111, 167], and larger male-derived sperm appear to be favored
over smaller ones [169]. Perhaps larger sperm are faster at repopulating the spermatheca and
better at dislodging smaller competitors from the choicest positions near maturing oocytes
(Fig. 1C).

This model implies that males from gonochristic species should have large sperm, since they
are likely to compete with others at every mating, and a general survey of nematode species
confirmed this prediction [169]. Furthermore, sexual competition between C. elegans males
led to an increase in sperm size within only 60 generations [170]. Taken together, these
results suggest that larger sperm are more competitive, and that sexual competition favors
larger sperm in males. Because sperm from hermaphrodites only rarely compete with sperm
from males in the wild [171, 172], these hermaphrodite sperm are probably not under
selection for size.

Indeed, the presence of smaller sperm in hermaphrodites seems to have been originally
caused by a developmental bias, rather than selection [173]. If females from a male/female
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species are induced to produce sperm by manipulating the sex determination pathway, these
sperm are smaller than those from their male counterparts. Furthermore, the analysis of C.
elegans mutants showed that several factors characteristic of XX hermaphrodites influence
sperm size. Thus, it appears that newly evolving hermaphrodites initially made smaller
sperm because their female gonads and germ lines were not optimized for making large
sperm. Although this dimorphism was originally caused by a developmental bias, it was
probably maintained by the selective forces described above.

8.3. Segregation and post-segregation distortion

Sometimes competition involving sperm occurs at higher levels than the race to fertilize an
oocyte. Dramatic examples involve meiotic drive and molecular or endosymbiotic parasites
that manipulate the reproductive process to further their own success. Perhaps the most
widespread example of distortion involves Wolbachia bacteria, which are transmitted from
mother to offspring through the oocyte [reviewed by 174]. In some species, the embryos
produced when sperm from an infected male fertilize an uninfected oocyte all die, and this
cytoplasmic incompatibility increases the frequency of Wolbachia-infected animals in the
population. So far, there are no examples of Wolbachia infection from Caenorhabditis, but
they play important roles in many other nematodes [reviewed by 175].

The zeel-1/peel-1 system highlights the importance of sperm in some postsegregation
distorter systems [reviewed by 176]. As described above, sperm from males carrying the
zeel-1/peel-1 genetic cassette cause embryonic lethality when they fertilize oocytes that lack
these genes [163]. This effect is caused by the paternal PEEL-1 toxin, and helps increase the
frequency of this cassette in the population.

In these examples, selection does not ensure that the fittest sperm fertilize oocytes; instead,
sperm prevent the production of viable progeny from animals lacking either the Wolbachia
endosymbiont, or the zeel-1/peel-1 cassette. Other distortion mechanisms might exist too.

8.4. Sexual conflict

Finally, sperm could be involved in sexual conflict between males and females, although
proving such relationships is difficult. Mating can lead to adverse effects for the
hermaphrodite, including reduction of lifespan, altered stress responses, and shrinkage in
size [177-179]. Sperm, seminal fluid, and possibly other secreted compounds play specific
roles in inducing these effects, which are independent of gamete or progeny production by
the hermaphrodite.

One recent study shows that sperm from males can migrate to ectopic locations in the female
or hermaphrodite gonad, suppressing female reproduction (Ting et al, submitted). These
invasive sperm were detected in interspecies crosses, where they can easily be shown to
lower fecundity, and similar events sometimes occur in crosses between males and females
of the same species. The data suggest that competition between males leads to the
production of highly invasive sperm that compete well with other male sperm; females
respond through adaptations to their own reproductive tracts to guide and accommodate
these sperm. As a consequence, this arms race leads to sperm that are not matched to the
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female gonads of related species, where the invasive behavior can run unchecked. Whether
the sterilization of sympatric females of other species is merely a side effect or is favored by
selection remains unknown.

These examples show that males and hermaphrodites exhibit both cooperative and
antagonistic interactions, like those seen in male-female species [180, 181]. Thus, C. elegans
has potential as a model for studying sexual conflict, in addition to other facets of
reproductive and evolutionary biology.

8.5. Interspecies crosses

Interspecies crosses also demonstrate that some sperm functions change at faster rates than
others during evolution. For example, sperm from most Caenorhabditis males are capable of
migrating towards the spermatheca in XX animals of other species, which implies that their
interactions with guidance cues are largely conserved [182]. These sperm are also capable of
stimulating ovulation, so the signal from the sperm to the female germ line is mostly
conserved [182]. This makes sense because the signaling molecule is MSP, and its sequence
is highly conserved among nematodes. By contrast, the signals that initiate spermiogenesis
are changing more rapidly, but some interspecies interactions can still be detected [182,
183]. Finally, fertilization only occurs between gametes of closely related species,
suggesting that the interactions between EGG and SPE-9 class proteins are undergoing rapid
change [182, 184-186].

9. Conclusion

Although we have learned an enormous amount about nematode sperm, several techniques
are opening up new areas for future study. First, reverse genetics had been challenging, since
many sperm genes do not respond to RNA interference. However, new techniques for gene
editing that use TALENS [187-189] or CRISPRs [188, 190] are rapid and inexpensive.
Thus, genes that have been identified in genomic expression studies can now be quickly
assayed for their functions in sperm. Second, labeling germline proteins for in vivo studies
of cell and protein dynamics had once been difficult. Now, the MosSCI [191, 192], TALEN
or CRISPR systems can be used to create GFP fusions by homologous recombination. Third,
a large set of wild isolates of C. elegans and several related species are now available, and
the genomes of eight relatives are nearly complete. Thus, sperm biology and sperm
competition can be compared in male/female and male/hermaphroditic systems.

As these studies reveal, nematode sperm provide insight into a range of biological processes.
Some nematode proteins have homologs that function in mammalian sperm, so they provide
a good model for human reproduction. Other nematode processes differ from those in
mammals, but share some important similarities, like the processing of the nematode
membranous organelle and the acrosome reaction [67]. In addition, many conserved proteins
have adopted new roles in nematode sperm; the powerful set of genetic, genomic and cell-
biological techniques that are available make nematodes ideal for exploring the molecular
functions of these proteins. Finally, many unique aspects of nematode sperm make this
system ideal for studying evolutionary change in reproductive systems.
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Figure 1. Reproduction in C. elegans
A. Examples of self and cross fertilization in wild-type and mutant C. elegans. The male has

an angular tail. Eggs are black ovals, and unfertilized oocytes are orange circles. B. The
hermaphrodite gonad. Oocytes are pink, sperm blue, eggs white, the distal tip cells yellow
and the vulva purple. The inset shows the position of the gonad in the body. Cells in mitosis
or early meiosis are part of a syncytium. C. The male gonad. Cells in mitosis or early
meiosis are part of a syncytium. Primary spermatocytes are light blue cells, residual bodies
are light blue circles, and spermatids are dark blue circles. Distal tip cells are yellow, and the
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vas deferens orange. The inset shows its position in the male body. D. Ovulation and
fertilization. (1) The animal is preparing to ovulate a mature oocyte (located on the right).
(2) The mature oocyte nucleus undergoes nuclear envelope breakdown. During ovulation,
the oocyte enters the spermatheca and is fertilized by a sperm. (3) The resulting zygote
pushes many other sperm into the uterus. (4) The zygote commences embryogenesis as it
passes into the uterus and sperm crawl back into the spermatheca for the next cycle.
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Figure 2. Spermatogenesis and Spermiogenesis
(A) During spermatogenesis, the primary spermatocyte undergoes two meiotic divisions,

producing four spermatids (light gray) and a residual body (dark gray). The pattern of
cytokinesis sometimes varies [55]. During this process, the membranous organelles (MOs)
localize many sperm proteins, and their associated fibrous bodies (FBs) are made of
polymerized major sperm protein (MSP, blue) until its release and depolymerization in the
mature spermatid. The differentiation of these organelles is shown in the inset below each
stage. (B) During spermiogenesis, a spermatid activates to become a motile sperm. The MOs
fuse with the plasma membrane in the head of the sperm, and the MSP forms polymers that
organize the pseudopod.
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Figure 3. Regulation of Sperm Activation

(A) Two signal transduction pathways control sperm activation. In one pathway, a signal
acts through five proteins of the SPE-8 group. Three of these proteins have transmembrane
domains and are depicted crossing the plasma membrane. Studies in C. elegans show that
labile Zn** activates sperm in a process that depends on these genes. In the other pathway,
the extracellular protease TRY-5 activates sperm, and is opposed by the protease inhibitor

SWM-1. (B) Hermaphrodites use one of the two male pathways. In the ancestor of

Caenorhabditis, both sperm activation pathways were used in males, but neither signal was
produced by females (Wei et al, in preparation), During the evolution of self-fertility, each

species co-opted only one of the two pathways for use in hermaphrodites. TRY-5 is

conserved in nematodes, but it is not known if Zn** acts in sperm activation in other species.
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Figure 4. Sperm communication
The sperm release small vesicles containing Major Sperm Protein (MSP, blue circles),

which signals to the oocytes and the somatic gonad to promote maturation and ovulation
(light blue arrows). The oocytes release F-series prostaglandins (PGs) that provide guidance
cues to direct sperm migration to the spermatheca (red arrow). Oocytes and sheath cells also
exchange information (black arrows) through gap junctions (green rectangles) that couples
processes in the somatic gonad to those in the oocytes.
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